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Introduction

The recurring public health problem associated with tri-
cothecene contaminated cereal grains known for decades, has now
been expanded to include the use of these toxins in chemical war-
fare. The sporadic episodes in the past have been managed
largely by diagnosing the disease and removing the source of
exposure; little effort has gone into studies designed to deter-
mine the basic nature of the biological response. As a con-
sequence we are poorly prepared to identify exposed populations
and to intervene with therapeutic or protective measures.

Concerns about real or potential harm this class of toxins
can cause in military and civilian populations have resulted in
an acceleration of research efforts into the chemistry and
biology of the tricothecenes. It is to such concerns that this
contract has supported an integrated effort of biologists, che-
mists and pathologists. During the past period which this report
covers (October 1, 1984-July 31, 1985) we have made a number of
significant advances in our understanding of the chemistry and
biology of anguidine (DAS). Salient features and observations of
the various segments are presented here.
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20. During the past year we have developed a method for topicaL.
exposure to the myco o~ins n rodents which confirms our observa-
tions by other route• f ýdnistration that there is a signifi-
cant difference in sensitivity between rats and mice. The mouse
excretes 80% of a dose of DAS within 24 hours, 90% of which appear
in the urine. This is in contrast to most literature reports on
other tricothecenes (T-2) where the feces is the major route of
excretion. A detailed analysis of distribution and excretion by
topical application is in progress.\

DAS is not a substrate for microsomil cytochrome P450 isozymes,
in vitro, but it is a good substrate for microsomal carboxylester-
ases with major metabolites being 4-acetoxyscirpenediol, 15-mono-
acetoxyscirpenol and scirpentriol., A major metabolite identified
is an anguidine glucuronide conjugated at the C3 position. Most
major metabolites appear to be the same in rats and in mice but
rates of absorption and excretion vary between the two species.

Other lines of investigatioi have resolved difficulties in the
synthesis and stability of H-anguidine, 1 4 C-anguidine and in the
synthesis of nivalenol. Two compounds, among other 25 synthesized
have exhibited protective effects against DAS and others are under
test. We are now testing a number of natural substances including
retinpid;s antioxidants and selected amino acids.

We have developed a system (colony forming unit) to study stem
cells of the bone marrow of rodents exposed to DAS. Long-term
effects of DAS on hematology and on immunocompetence are in pro-
gress using this system and acute stem-cell effects are under
study., An ornithine decarboxylase inhibitor (DFMO) has a protec-
tive effect on bone marrow cells but does not appear to affect
mortali y of rodents exposed to DAS. The CFU-S system has shown
that em cells recover rapidly.

"1n the rodent the testes is the first and most sensitive organ as
an indicator of DAS toxicity and is being used to detect earliest
effects and correlate these with metabolites in animals exposed
by different routes of exposure-including mice, rats and guinea
pigs, the latter by the respIfatory route which is still in de-
velopment.
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Segment 1A - In Vitro Metabolism

M.A. Marletta
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Segment 1A: Metabolism

M.A. Marletta, Principal Investigator

Our goal had been to determine the route(s) of anguidine metabolism in
vitro, and to carry out large-scale production of metabolites for structure
elucidation. Anguidine has several sites available for metabolism by the
isozymes of cytochrome P450. We looked for these metabolites in phenobar-
bital induced, B-naphthoflavone induced and uninduced rat liver microsomes.
Anguidine could potentially be metabolized by epoxide hydrolase, or conju-
gated with glutathione and glucuronic acid in the presence of glutathione
transferase or glucuronyl transferase, respectively. We also investigated
these possibilities. Preliminary identification of in vivo metabolites
could be made by comparison of chromatographic retent-n-times with the in
vitro metabolites.

Anguidine (35-347 vM) was incubated with 1.40, 1.34 and 1.25 UM cyto-
chrome P450, respectively, from phenobarbital, B-naphthoflavone, or uninduced
rat liver microsomes in 0.1 M K2P0 4 , pH 7.5 for 1 hour at 370 C, with shaking.
An NADPH regeneration system was used. 3 H-anguidine (12 vM), synthesized by
Dr. Roush's group, was used as a tracer. HPLC was performed with a MeOH/
water gradient on a uBondapak C18 reverse-phase column. Fractions were moni-
tored by scintillation counting and pooled for further analysis.

Anyuidine is rapidly metabolized. The chromatographic profiles of
incubations with the various induced microsomes were identical, except that
the product ratios were different (Figure 1 and 2), suggesting that the
cytochrome P450 isozymes showed no product specificity. Identical incuba-
tions in the absence of NADPH, necessary for cytochrome P450 activity, produced
identical chromatograms to those previously observed with NADPH. This suggested
that anguidine was not a substrate for cytochrome P450. For further confirma-
tion, we performed inhibition studies by monitoring the effect of anguidine on
the O-deethylation of 7-ethoxyresorufin in s-naphthoflavone induced microsomes.
No inhibition of benzphetamine N-demethylation was observed, however, anguidine
caused inhibition of the O-deethylation of the 7-ethoxyresorufin. This inhi-
bition was found to be non-competitive (Figure 3), therefore, anguidine is not
a substrate for the microsomal cytochrome P450 isozymes.

The metabolites were derivatized with bis(trimethylsilyl)trifluoroacetamide
for I hour at 1000 C, concentrated, and analyzed by GC/MS (Figure 4). All peaks
except A, B and C were in the control incubation. (The extent of derivatization
was monitored by TLC on silica plates, which were developed in EtOAc and
visualized by spraying the plates with 5% H2 SO4/EtOH then heating on a hot
plate). The samples were analyzed with a methylsilicone column and both electron
impact and chemical ionization modes. Comparison of the sample spectra with
that from standards of 4-acetoxyscirpenediol, 15-monoacetoxyscirpenol, and
scirpenetriol (prepared by Dr. Roush's group), showed conclusively that these
are the major metabolites produced by microsomal incubation of anguidine (Figures
5-7). Anguidine is a good substrate for the microsomal carboxylesterases
responsible for this metabolism.

I-
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FIGURE I

HPLC CHROMATOGRAM OF PHENOBARBITAL-INDUCED MICROSOMiAL INCUBATION
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FIGURE 2

HPLC CHROMATOGRAM OF ~.8NAPHTHOFLAVQI4E-INDUCED MICROSOMAL INCUBATION
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FIGURE 3

MIGUIDINE INHIBITION OF EruOMvSOMiIN IE-ETHYLASE ACTIVITY
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CHMICAL IONIZATION

A FIGURE 5
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FIGURE 6

CHEMICAL •NIIZATION
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C)•EMICAL iONIZATION

FIGURE 7 C
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Since epoxides are chemically reactive groups, we postulated that the 12,
13 epoxide moiety of anguidine may be hydrolized by epoxide hydrolase, or
conjugated to glutathione with glutathione transferase. Anguidine was incu-
bated with epoxide hydrolase from B-naphthoflavone induced microsomes (0.6 mg
microsomal protein) in 50 mM Tris, pH 9.0 for 1 hour at 370 C with shaking.
Metabolism was not observed by HPLC and scintillation counting. (The presence
of epoxide hydrolase activity in the microsomes was determined with (7- H)-
styrene glycol). Anguidine was incubated with 5 mM reduced glutathione and
0.01 IU glutathione transferase from rat liver cytosol in 10 mM K2 PO4 , pH 7.75,
with shaking at 37' C for up to 18 hours. (Enzyme units were determined by
Sigma using 1,2-epoxy-3-(p-nitrophenoxy)-propane as substrate). Again, meta-
bolism was not observed by HPLC and scintillation counting. Therefore, the
epoxide moiety does not appear to be metabolized in vitro.

A major route for detoxication of xenobiotics in mammalian systems is
by conjugation to glucuronic acid in the presence of microsomal glucuronyl
transfIrase. To determine if this is a route of detoxication for anguidine,
12 uM °H-anguidine, 6-9 mM UDP-glucuronic acid, and 0.6 mg microsomal protein
from a-naphthoflavone induced microsomes was incubated with 2.5 mM MgCl2 in
10 mM K?P0 4 buffer at pH 7.7 for up to 3 hours at 37' C, with shaking. The
incubation mixture was separated by reverse-phase HPLC and fractions were
monitored by scintillation counting. A new peak was observed that did not
appear in control incubations (Figure 8). This peak was 1 so observed in
incubations of anguidine or 15-monoacetoxyscirpenol with C-UDP-glucuronic
acid (data not shown). We were unable to hydrolyze this metabolite by incu-
bation with either bovine liver or E. coli B-glucuronidase under high enzyme
concentrations and long incubation times. This resistance to hydrolysis has
important implications for detoxication in vivo.

The glucuronide was analyzed by Fast Atom Bombardment Mass Spectrometry.
A MH+ peak is observed at m/e 501, corresponding to the mass expected for the
glucuronide of a monoacetylated trichothecene (Figure 9). A peak due to the
loss of the sugar is observed at m/e 307, and the loss of a sugar plus acetate
group at m/e 265. The sample is prepared in glycerol, therefore, a number of
glycerol (G) clusters are also observed.

The NMR spectrum of this peak (Figure 10) most closely matches that of
15-monoacetoxyscirpenol (Figure 11), but with a few changes. In addition to
the proton resonances from the glucuronic acid (3.5-3.6 ppm and the C2 proton
of the sugar in the a-configuration at 4.6 ppm), both the H3 and H4 resonances
of the trichothecene have shifted downfield. Therefore, the glucuronic acid
could be conjugated at either the C3 or C4 position. The position of conju-
gation is important. Anguidine and all of the hydrolysis products have an
available hydroxyl group for conjugation at the C3 position, while that is not
true of the C4 position (4-acetoxyscirpenediol has an acetate group in this
position). Elimination of conjugated metabolites (increased polarity) by the
kidney would be faster than that of unconjugated metabolites, decreasing the
possibility of interaction with other macromolecules. By collaboration with
Dr. Roush's group, we were able to identify the glucuronide as a conjugate at
the C3 position (see annual summary report: W.R. Roush).

Figure 12 shows what we know about the in vitro metabolism of anguidine.
Anguidine is rapidly metabolized to 15-monoacetoxyscirpenol, and to a lesser
extent to 4-acetoxyscirpenediol and scirpenetriol. 15-Monoacetoxyscirpenol

p



FIGURE 8

HPLC CHROMATOGRAM OF UDPGA INCUBATION
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FIGURE 9

FAB MASS SPECTRUM OF FRACTIONS #11-14
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FIGURE 10
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FIGURE 11

W'R OF SYNTHETIC C-15-MONOACETOXYSCIRPENOL
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IN-VITRO METABOLISM OF ANGUIDINE (DAS)
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can then conjugate to glucuronic acid at the C3 position.

Our in vitro work has recently been published in the J. Amer. Chem. Soc.
107: 335-3-3-T1985). That publication represents a succinct summary of
T-e unambiguous structure proof of the glucuronide formed in vitro. At the

end of the paper we mention our initial findings from our in vivo work. CD-I
mice were dosed by Dr. W.F. Busby with either [ 3H]-DAS or -un-lab-eTed DAS and
the urine from each treatment was collected for 48 hours after dosing. The
urine was treated as shown on the scheme that follows. The HPLC chromato-
grams from step 5 (Figure 13) and step 8 (Figure 14) are shown. Those two
figures indicate the previously determined retention times of the in vitro
metabolites. Upon rechromatography under the same conditions the retention
times change. At present we have determined that the major peak in Figure 13
which in the figure cochromatographs with the Cl5-monoacetate glucuronide has
a FAB-mass spectrum consistent with a monoacetate glucuronide. However, when
treated with limpet a-glucuronidase and then analyzed by HPLC the resulting
product is the C4-monoacetate. The retention time is very close to that of
the C15-monoacetate, C3-glucuronide so we feel that the in vivo product most
likely will be the C4-monoacetate, C3-glucuronide but unambiguous structure
proof has not been completed. Total analysis on all in vivo metabolites is
under way.

We have tested the in vitro glucuronide (C15-monoacetate, C3-glucuronide)
in a rabbit reticulocyte-celi-Fee protein synthesizing system and found it
to be inactive at concentrations where anguidine totally inhibits protein
synthesis. At least in this assay, then, this metabolite appears to be non-
toxic. This coupled with our findings that this glucuronide is not hydrolyzed
by E. coli or bovine liver a-glucuronidase continues to hold interest as a
quantit't-ively important pathway of detoxication.

Other in vitro work includes studies with the purified glucuronyl trans-
ferase in or-er -to determine substrate specificity. We found in microsomal
experiments with anguidine that hydrolysis preceeds glucuronyl conjugation.
The esterases are present in the microsomal fraction along with the trans-
ferase. Therefore, we purified the transferase and found the anguidine was
not a substrate but the Cl5-monoacetate was. Future work will continue to
probe the substrate specificity in an effort to understand this toxicologically
significant pathway.

tvt
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Segment iB - In Vivo Metabolism

G.N. Wogan
W.F. Busby, Jr.
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SEGMENT IB
G.N. Wogan
W.F. Busby Jr.

1) Introduction

The primary objective of this segment has been to measure response in rats
and mice to topically applied anguidine. The first phase of this research
effort involved: (1) the development of techniques to measure topical absorp-
tion in vivo by construction of non-occlusive skin patches suitable for use in
different animal species and application site areas and (2), the verification of
patch integrity to ensure against violation of the site by the animal and/or
loss of the anguidine from the site and possible subsequent exposure of the ani-
mal by routes other than dermal absorption.

Once suitable methods were developed, the investigations progressed along
two lines of inquiry. The first effort is a collaborative study (discussed
further under Segment 3) to examine the toxicity of topically absorbed anguidine
in rats and mice by monitoring the time-course of the histopathologic response
in various tissues. Secondly, the skin patch technique is being applied to
study patterns of tissue distribution and excretion of topically absorbed
[ 3 H]-anguidine in rats and mice.

2) Skin Patch Construction and Integrity Verification

Figure 1 depicts the essential details of the construction and application
of a typical non-occlusive skin patch. The experimental animal was carefully
shaved around the mid-section with electric clippers under anesthaesia and an
elastic adhesive bandage, with an opening cut to expose the application site and
the surrounding area, was secured. The skin patch was a single unit constructed
of 260 mesh nylon screen and aluminum screening which were separated by an adhe-
sive foam spacer held together by strips of elastic adhesive bandage. The
patch was placed over the application site and fastened to the mid-section ban-
dage on all sides by additional bandage strips (not shown). The anterior and
posterior bandage strips encircled the animal and were the last ones to be
attached.

The integrity of the skin patch was measured in rats and mice by using
[ 1 4C]-Direct Black 19 dye (DB19) as an indicator. This dye, even if it did
penetrate skin, was not excreted in urine or feces of the rat, mouse, or rabbit,
hence could be used to monitor skin patch integrity by reasuring radiolabel in
urine, feces, and cage washings.

The results from patch integrity experiments with [ 14 C]-DB19 in the rat and
mouse are shown in Table 1. The rat studies were performed with 275 g animals
with a 4 cm2 application site, which represented conditions used in the earliest
anguidine toxicity experiments. Clearly, only very low levels of activity
(0.03% of the applied dose) were detected in excreta and cage washings of these
animals. Current studies of both anguidine toxicity and toxicokinetics now
employ 100 g rats (with a 1.44 cm2 application site) to conform to the age of
the animals used in Segment 3. Validation measurements of patch integrity with
these animals (not shown) gave essentially equivalent results.

Data from mice also showed very low levels of activity in urine and cage
washings but somewhat higher levels in feces (0.26% of the applied dose). This
was due to minor leakage or violation of the skin patches by two of the animals
toward the end of these early experiments. Because of their small size and
higher level of physical activity, it was more difficult to apply and maintain
the patches on mice. However, with the additional experience that has been
gained, we are confident that no significant loss of anguidine is occurring in

•'•'',''•"•'• '•''•'•-•,'-•:• '•*.*-w* •. ... . ... . ... .1 i
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TABLE 1

LOSS OF [ 14 C]-DB19 DYE FROM SKIN APPLICATION SITE

Rata,c Mousebc
(% dose - cumulative) (% dose - cumulative)

Time Urine and Urine and
(hours) cage wash Feces cage wash Feces

24 0.01 + 0 0 0.02 + < 0.01 0

48 0.02 + <0.01 0 0.02 + < 0.01 0

72 0.02 + <0.01 0 0.02 + < 0.01 0.01 + 0

96 0.02 + <0.01 0 0.03 + < 0.01 0.16 + 0.15

120 0.03 + <0.01 0 --

144 0.03 + <0.01 0 ....

168 -- 0.03 + < 0.01 0.26 + 0.14

a 1.85 x 107 DPM applied on 2 cm x 2 cm application site.

b 1.96 x 106 DPM applied on 0.65 cm x 0.65 cm application site.

c Data expressed as the Mean + S.E. from 4 animals in each group.

27,.-,-. -,-.-" ,
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the experiments now in progress.
Table 2 summarizes the parameters usid in topical absorption studies of

both anguidine toxicity (Segment 3) and EI H-anguidine tissue distribution and
excretion. Two sizes of skin patch were used with the mouse. The "small patch"
parameters are proportional on a body weight basis to the dose and application
site area used with the rat. Under these conditions of topical exposure
approximately one-half of the rats died within the first 3 days, but the mice
survived without obvious clinical signs of toxicity. The "large patch" was ini-
tially developed to maximize the topical dose of anguidine in an attempt to
induce toxicity in this species. Mice treated with this 2.5-fold higher dose of
anguidine also appeared clinically refractory. This clearly established the
insensitivity of the mouse to the toxin relative to the rat and complemented the
difference in toxicity also observed with i.v. and i.p. treatment (Sato and
Ueno, 1977; National Research Council, 1983).

3) Excretion and Tissue Distribution of Topically Applied [ 3 H]-Anguidine

These data describe 7-day topical absorption studies of the tissue distri-
bution and excretion of [ 3 H]-anguidine residues using the application site para-
meters summarized in Table 2 for the rat and the mouse (small patch). The
[ 3 H]-anguidine dose, however, is proportionally reduced to avoid toxicity in the
rat and to minimize waste of the radiolabeled compound. The volume of DMSO
vehicle applied to the skin remains as stated.

a) Rat

[ 3 H]-anguidine (sp. act.: 13 uCi/umole) was exchanged into DMSO and 35 ul
(0.1 mg, 3.5 uCi) was topically applied to the shaved dorsum of 90-110 g male
Fischer rats. A non-occlusive skin patch was applied to the site as previously
described and the animals were maintained in metabolic cages for 7 days. Urine
and feces were collected over the course of the experiment and the organs, car-
cass, application site skin, and skin patch were saved for processing and
measurement of radioactivity.

Excellent recovery of the radioactivity applied to the skin was obtained for
each of the 4 rats with a mean of over 97% and a range of 95-99% (Table 3).

The cumulative excretion of radiolabel in urine and feces is shown in Table
4. Approximately 45% of the total applied dose was excreted during the experi-
ment. About two-thirds of this amount was measured in urine and the remainder
was present in feces. Most of the excretion of radiolabel (over 70%) occurred
within the first 24 hr.

A detailed analysis of the distribution of [ 3H]-anguidine residues in
organs, GI tract contents, carcass, application site skin, and skin patch and
bandages are listed in Table 3. Excluding the application site skin, approxima-
tely 1% of the applied radioactivity was present within the organs (0.3%), GI
tract contents (0.2%), and carcass (0.5%). No exceptional accumulation in spe-
cific organs was noted, although the liver, femurs, and small intestine appeared
to have elevated levels of radioactivity. The relatively high levels in
"miscellaneous organs" (which includes a substantial amount of blood) and in the
carcass suggest that significant radiolabel may be associated with blood cells,
since essentially no label was detected in blood plasma.

Nearly 18% of the applied dose was found in the skin taken from the applica-
tion site. Simple acetone extraction removed only about 45% of this amount,
suggesting that most of this radiolabel was not just superficially layered on
the skin surface.

There were considerable differences in the amount of [ 3 H]-anguidine residues
recoverable from the skin patch and bandages. It is this variation that largely
accounts for the range of results obtained with the excretion data shown in

, • J•• 'r•n~~m• IF• • II •mlm• Im~n~llimI . ~.. ... I
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TABLE 2

PARAMETERS OF ANGUIDINE PERCUTANEOUS ABSORPTION EXPERIMENTS

Application Site
Avg. Body
Body Anguidine Surface
Wt. Dose DMSO Size Area Area

Animal (9) (mg) (@1) (cm) (cm2 ) (cm2 )a

RAT 100 2.625b 35 1.2 x 1.2 1.44b 205.7

MOUSE 27.5 0.75b 10 0.65 x 0.65 0.42b 86.6
(small
patch)

MOUSE
(large
patch) 27.5 1.875 25 1.0 x 1.0 1.0 86.6

a Calculated from A = KW2 / 3 , where W = body wt (g) and K = constant (mouse, 9.5;

rat, 9.6).

b Anguidine dose and application site area is approximately proportional to
body weight.
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TABLE 3

DISTRIBUTION OF RADIOLABEL FROM TOPICALLY APPLIED [OH]-ANGUIDINE

% OF DOSEa

TISSUE OR MATERIAL RAT MOUSE

A. INTERNAL ORGANS

stomach 0.007 + .002 0.011 + .002
small intestine (A) 0.019 + .003 0.028 + .008

"(B) 0.012 + .003 0.020 + .006
"(C) 0.008 + .003 0.010 ; .004

cecum 0.008 + .004 0.014 + .005
large intestine 0.009 ; .003 0.009 7 .003

lungs 0.008 + .002 0.014 + .008
heart 0.008 " .003 0.009 ; .005

liver 0.029 + .010 0.013 + .010
spleen 0.009 ; .002 0.006 T .002

bladder 0.003 + .001 0.008 + .003
kidney 0.008 T .003 0.005 7 .004

testes 0.009 + .002 0.010 + .005
brain 0.009 7 .002 0.006 7 .002

blood plasma (aliquot) 0.003 + .001 --
misc. organs 0.157 ; .068 --

abdominal fat 0 0.011 + .003

SUB-TOTAL 0.305 + .086 --

B. GI TRACT CONTENTS

stomach 0.013 + .003 0.001 + .001
small intestine (A) 0.015 ; .003 0.001 T .001

" (B) 0.018 + .005 0.001 + .001
"(C) 0.027 7 .005

cecum 0.080 + .028 0
large intestine 0.031 ; .003 0

SUB-TOTAL 0.184 + .034 0.003 + .001

7 3
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TABLE 3 (cont.)

% OF DOSE

TISSUE OR MATERIAL RAT MOUSE

C. CARCASS AND SKINb

femurs 0.024 + .012 0.016 + .005
skin - acetone 0.042 + .015 --

skin - water 0.101 + .021 --
carcass - acetone 0.137 7 .037 --

carcass - water 0.162 + .031 --

SUB-TOTAL 0.465 + .066

D. EXCRETA

urine 30.421 + 7.354 7.107 + 2.133
feces 15.090 T 4.853 1.917 T .467

SUB-TOTAL 45.511 + 11.414 9.024 + 2.460

E. APPLICATION SITE

skin - acetone 7.779 + 3.050
skin - water 10.330 + 2.334

nylon mesh - acetone 4.477 + 1.708
nylon mesh - water 1.060 ; 0.254

bandages and patch - acetone 6.170 + 3.739
bandages and patch - water 21.166 ; 14.057

SUB-TOTAL 50.954 + 12.088

TOTAL RECOVERY 97.420 + 0.863

a Mean + S.E. in 4 animals of each species.
b Excluding application site skin.
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Table 4. It seems probable that in some cases, the liquid DMSO vehicle may be
wicked into parts of the skin patch other than the overlying nylon mesh. Future
experiments will employ a reduced volume of the DMSO vehicle to eliminate this
source of variation.

b) Mouse

These experiments were performed in a manner similar to those using rats
except that 1 uCi [ 3H]-anguidine (0.03 mg) was applied to the shaved dorsum of
25-30 g male CD-1 mice (0.65 cm x 0.65 cm application site).

The total cumulative excretion of radiolabel for the mouse over the 7-day
period was 9% of the dose applied to the skin, or only one-fifth of the amount
excreted by the rat (Table 4). Nearly 80% of the amount excreted appeared in
the urine compared to only 66% in the rat. The time-course kinetics for excre-
tion in both the rat and mouse were very similar in that 70% of the radiolabel
appeared in the urine and feces within the first 24 hr in both cases.

The final compilation of the distribution data for the mouse experiment is
not yet completed (Table 3) but there is sufficient information to indicate no
major reservoir of [ 3 H]-anguidine residues in either the rat or the mouse. In
both species there seems to be an increase in the amount of radiolabel present in
the tissue of the small intestine and in the femurs. It is also apparent that
there is little or no radiolabel associated with the contents of the gastroin-
testinal tract in the mouse, presumably reflecting the much lower levels of
fecal excretion.

It appears, on the basis of the results obtained to date, that the
relative insensitivity of the mouse to topically applied anguidine may be due in
large part to reduced permeability of mouse skin and/or greater sequestering of
the toxin within the skin at the application site.

References

1) National Research Council. "Protection Against Trichothecene Mycotoxins,"
pp. 93-157, National Academy Press, Washington, 1983.

2) Sato, N. and Ueno, Y. In "Mycotoxins in Human and Animal Health," (J.V.
Rodricks, C.W. Hesseltine, and M.A. Mehlman, Eds.), pp. 295-307, Pathotox
Publishers, Park Forest South, Ill., 1977.
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Segment 2A - Chemistry
G. Buchi and G. Lee

As noted in background and proposed research areas described
above, it has been the aim of this segment to synthesize
materials for testing in animal systems which might prove to be
effective in preventing or alleviating the effects of trichothe-
cene toxins. An initial attempt was made to prepare materials
that might react with the internal epoxide of the trichothecene
molecule. These attempts were not successful and this approach
was discontinued during the first year of the contract.

Our efforts were then directed toward a group of compounds
including thiazolidines and selenium-containing analogues.

According to Meister et al.,
L-2-oxothiazolidine-4-carboxylate (1), which is converted to L-
cysteine by the enzyme r-oxo-L-prolinase, promotes the synthesis
of glutathione and appear to protect the organism from certain
toxic compounds.

We have prepared substantial quantities of 1 in crystalline
form and submitted the material to Professors Newberne and Rogers
for testing. Initial experiments indicated that this thiazoli-
dine did not protect mice against anguidine injury. Compound 1
is highly insoluble in aqueous media and it was decided to pre-
pare the sodium salt which, as anticipated, was found to be water
soluble. This sodium salt, unfortunately, has thus far resisted
crystallization but the "syrup" is stable at room temperature,
and the Newberne-Rogers group reports that it does indeed reduce
the toxicity of anguidine.

L-2-oxothiazolidine-4-carboxylate (1), promotes the synthesis
of glutathione which in turn protects organisms against certain
toxic compounds. Recent work by Newberne and Rogers suggests
that compounds 1 reduces the toxicity of anguidine. Meister has
already prepared a number of analogues of the oxothiazolidine 1
and tested their ability to serve as substrates for the enzyme
5-oxo-L-prolinase.

We have prepared the additional analogues 3-5 which seem to
be unknown, and submitted them to Professor Newberne and Rogers
for biological evaluation. There were only small amounts and the
bioassays have not been completed.

We completed initial work on a synthesis of the selenium com-
pound 2 which, however, was not completed at the time the
contract terminated.
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Table I. Paoers Published or Submitted for Publication Resulting from
Studies SuDDorted by this Contract

1. W.R. Roush, M.A. Marietta, S. Russo-Rodriguez, and J. Recchia,

"Trichothecene Metabolism Studies: Isolation and Structure
Determination of 15-Acetyl-3a-(l'P-D-glucopyranosiduronyl)-
scirpen-3,4,6,15-triol", J. Am. Chem. Soc. I9=5, 10Z, 3354.

2. W.R. Roush and S. Russo-Rodriguez, "Synthesis of 4f-Acetoxy-
scirpen-3a,15-triol", J= C ., in press.

3. W.R. Roush, M.A. Marietta, S. Russo-Rodriguez, and J. Recchia,
"Trichothecene Metabolism Studies. 2. Structure of 3a-(l"#-D-
Glucopyranosiduronyl)o-a-isovaleryloxyscirpen-3,4, 15-triol 15-
Acetate Produced from T-2 Toxin InVitro", Tetrahedron Lett., in
press.

4. W.R. Roush and S. Russo-Rodriguez, "Trichothecene Degradation
Studies: Synthesis of 12,13-Deoxyanguidine and 12,13-
Deoxyverrucarol", J.Q-g.Ch., submitted.
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This Progress Report summarizes research performed under the Myco-
toxin Contract that terminated August 1, 1985. Our work has
concentrated on the structure determinati• and synthesis of metabolites
of anguidine and T-2 toxin, synthesis of NC-labelled anguidine for
metabolism studies, and the development of a preparative route to
nivalenol from anguidine. Work on nivalenol has been postponed pending
completion of the anguidine and T-2 studies. Accomplishments in these
areas are summarized below. Four papers describing portions of this
work have been published or submitted for publication (see Table 1).

1. Characterization of the In Vitro Generated Metabolites of
IAnguaidine

Prior to the initiation of our work in collaboration with Dr.
Marletta, relativejy little work on the metabolism of the trichothecenes
had been reported. ' T-2 toxin and 4-acetoxynivalenol had been
examinld in a number of organisms (broiler chicken, mice, rats, cows,
etc.). Anguidinj, which has gone to Phase II clinical trials as an
anticanc r agent,• had been examined in microorganisms and in dogs and
monkeys, the latter only for toxic manifestations. The only
transformations documented prior to the initiation of our studies had
been deacylation reactions of the trichothecene esters, which are
promoted by microsomal esterases, 2 c' and the oxidation of T-2 and HT-2
toxin inv jv a id vitro experiments leading to 3'-hydroxyl
derivatives.&M,a The latter suggests the involvement of cytochrome P4 50
in the metabolism of T-toxin.

Initial efforts focused on the generation of a library of putative
metabolites (e.g., L-1) which might be obtained by cytochrome P4 5 0
oxidation of anguidine Compounds ,-A were prepared according to
literature procedures; 7 

, is a minor product of the SeO2 oxidation of

AccO cc

Anguidine (1) (2) 3. X-H, Y-OH

4, X=Y=O

x !

MOf

5, X=OH, Y-H

6, X-Y-O

3,4,15-scirpenetriacetate, and j was prepared in 47% yield by CrO3-
pyridine oxidation of the same substrate. Since Dr. Marletta found no
evidence for P4 50 -mediated oxidation of anguidine in in vitro

S...
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experiments, however, our efforts to prepare additional "putative P4 50 '
metabolites" were discontinued.

The first metabolites positively identified in in vitro
experiments performed by Drs. Marletta and Recchia were 15-
acetoxyscirpendiol (.), 4-acetoxyscirpendiol Cl), and scirpentriol (2).
These identifications were made by comparison with authentic samples
provided by us.

O ,,H 1 RI R R2 = Ac (anguidine)

7 l= i, Rf2 = Ac

9 f1  = R 2 = 1

Auhe ticsmles Of , R1R

Authentic samples of 15-monoaceIate 2 and scirpentriol I were
synthesized by literature procedures. 4-Monoacetate J was synthesized
initially by the route summarized in Scheme I. This route was developed
since acylation of scirpentriol is nt selective for C.4 (and, in fact,
gives complicated product mixtures). In addition, the reported method
for preparation of A by selective hydrolylis of anguidine gave, in our
hands, an apotrichothecene rather than •.a As an added dividend, it is
noteworthy that Scheme I provides intermediates useful in our work on
the synthesis of 1 C-labelled anguidine. A more direct synthesis of 8
developed subsequently is summarized in Scheme II.

1) OHP, 1*Br H
0 2) NaOH, MeOl0

-H 3) NBS, CH 3CNH

Anguidine 874 10

1) Ac 2 0, pyridine OH L

2) HOAc, H20 -

3) Zn/Ag, THFf

HeOA
604-798

Scheme _U

0

o CH I 0

OBU, C6 M6q ýý A
2) THF, HOAC, M20

UT
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Marletta and Recchia isolated a 15-acetoxyscirpentriol-glucuronic
acid conjugate from in viro metabolism studies of anguidine. We
established that Ii is the structure of this metabolite using the
procedures described below. Treatment of a sample of 11 provided by Dr.
Recchia with CH2N2 in methanol followed by acetic anhydride/pyridine
afforded derivative 12 which was purified by chromatography. This
compound proved to be identical in all respects to an authentic sample
synthesized unambiguously from anguidi3e (1) and bromTsugar 13 by a
Koenigs-Knorr reaction (25-30% yield). The 250-MHz H spectra of
synthetic and naturally-derived 12 are provided in Figures 1 and 2.

1g2C03 ,

'ON AcO. C6 H6 -"1 2 C12+ - 25-30Z
+ (85-90% based oni

CMft me recovered anguldine)

Anguidlne (1) 13

This experiment rigorously establishes that the glucuronic acid residue
is attached to C.3 of the trichothecene nucleus and that the glycosidic
linkage is P. That the acetate residue in 11 is atttched to C.15, and
not C.4, was confirmed by NMR methods. The 250 MHz H NMR spectrum of
II appears in Figure 3.

This initial study suggested that glucuronidation may be an
important pathway for trichothecene metabolism in vvo. Accordingly,
Marletta and Recchia have studied the metabolism of anguidine in mice
and have isolated two glucuronides as the major metabolites.
Interestingly, neither of these metabolites is 11. We are collaborating
with Dr. Marletta on the structure determination of these compounds and
are confident that complete assignments can be made in the coming year.

2. Characterization of an In Vitro Generated Glucuronic Acid
Conjugate of T-2 Toxin

Drs. Marletta and Recchia have isolated a glucuronide from in
vitro incubatjon of T-2 toxin with UDP-glucuronic acid and rat liver
microsomes. H NMR and FAB mass spectral analyses of the conjugate
indicated that it is a glucuronide derivative of HT-2 toxin. Following
the successful strategy used previously in the anguidine studies, we

%U
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treated approximately 1 mg of glucuronide 14 with diazomethane, and then
with acetic anhydride in pyridine to afford the peracetate methyl ester
U. This compound was identical to the9 product of the Koenigs-Knorr
reaction of T-2 toxin and bromosugar 1U (20% yield, 74% recovered T-2
toxin). The 250 MHz 1H NAR spectra of synthetic and in vitro derived 15
are provided in Figures 4 and 5. These experiments unambiguously
establish that the structure Yf this metabolite is correctly described
by formula JA. The 250 NMHz H NMR spectrum of JA appears in Figure 6.

NO"2-O Ac74t -Oecvr

1. CH2N2  eXOc

0 "• P- COH 2. Ac2
tpyr. 0

14 15

Ag2CO3. C6 H 6 CH 2C'2

-ON O fat 20% (74% recovered

T- -2 toxin)

T-2 toxin 13

3. Studies on the Chemical Synthesis of Trichothecene Glucuronic
Acid Conjugates

The determination of structure of in vjv generated metabolites is
a formidable undertaking especially when only very small quantitites of
metabolite can be purified. As noted previously, Marletta and Recchia
have isolated two glucuronides from anguidine metabolism studies in vivo
that so far have not been structurally characterized. We hope to solve
this problem through chemical synthesis. This would also provide
sufficient quantities of these compounds for biological character-
ization.

The syntheses of trichothecene-glucuronides will in many cases
require the selective deprotection of the sugar blocking groups in the
presence of acyl functionality which may be present in the trichothecene
nucleus. For this reason, bromosugar 3 , used previously in our
syntheses of 12 and 15, is not suited for synthesis of the "real"
glucuronide metabolites. Toward this goal, we have accomplished the
preparation of bromosugar 12 and imidate 20. These compounj appear to
be suited for use in Koenigs-Knorr glycosidation reactions.

*5S.i'I%
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9H
".0-2 .H S HO.. ( ... _01 C 3COCH2 CH2 oy2

R------- pyr. ) AP
HOM HO- , .CO tAII a

16 17

R O - .R 
O ')"RO)R1 0

~A R HOCrIo it )H2. 0'0 %OA
It -00C,AII HGr B-a OCOAII 2)NHcci OF)t N

19 -- 20

R " CH 3COCH 2CH 2 CO"

Moreover, the allyl and levulinate ester blocking omis can be cleaved
under mild conditions in the presence of acetates. ... Use of these

reagents in the synthesis of in yjyo and Jn v metabolites (e.g., ,
14) will be studied in the next contract period.

4. Progress Towards the Synthesis of 1 4 C-Antuidine

A potential problem with use of 3 H-labelled anguidine for In vivo

and in vitro metabolism studies is that the tritium label can be lost
via a3 oxidative process. Hence, some metabolites may escape detection
when H-labelled anguidine would ensure that al. metabolites are
detected. Our original plan for synthesis of C-anguidin4 involved the
degradation of anguidine to ketone 22, at which point the C-label
would be introduced by a Wittig reaction. The resynthesis of anguidine

from 22 t 3 directly analogous to the final stages of our verrucarol
synthesis (see also Scheme I for the synthesis of 4-acetoxyscirpendiol
(1)) }.

The proposed degradation of 2]. to 22, however, could not be
accomplished in spite of considerable effort on our part. The epoxide

functionality of 10 and 21 proved inert towards a wide variety of
reagent, including KOH in DMSO or dioxane at 100°C, known to open
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PrORosed Synthesis of 1ý-nudn

Br

0 0,0THP NDS, H 200 OH

ON CH3CŽN

Br

1) NaOll ,OH 1) Ph 3P.1 CIV2

2) NaIb4  0 2) MCPEA

22

Br

02) Ac20 D )4~ 'IOAC

14 
C-10 2) H 30 

14 
C-Ar~guidine

simple epoxides.14  The reaction of 12with a large excess of C6H5SNa
(40-60 equiv.) in EtOH at reflux (20-26 h) was successfy~ and made
possible the initial degradation outlined in Scheme IV

Br 
B CH

,TP C6H 5SNa, EtOll, a ýOTHP4

84-951 

O

AýKH ON

10 23

Br C,, 1) 14CPSA

1) CoI OTHP 2) DaBi, C6H6

2) DaBi, CN6H 90%

90%

24

RuCI 3, Na10 4  OT4

~~I 1~ SOaC sH s 20-4 71

Ac OAc

25 26

771
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(For preparation of 1 see Scheme I). The oxidative cleavage of ZI to
2&, however, proceeded in less than acceptable yield so we developed a
more efficient degradation as summarized in Scheme V.

"TI) DHP hasp)

a.2) SMa04N~~.,ON 77 -94%
A0P 100•/ 4OH

Mnquidine 2

Ph s
THVrp KHSO5  Na/ _

buffe W , N4HP04-
OH .O H 4C-60o from 27

27 2

,OHP NBS o OHP
NANC03  -- am.

HO/ H NeCN H TESCI, Pyr

He 94%17
29 30

03, CHTC12 . 0 O

--- 780C

601 from 30 (TES)

31, P-TES 32, R-TES

The key step of this new degradation is the sodium amalgam
reduction of P-hydroxysulfore 21 which gives good yields of 22. After
protection of the 9,10-olefin and C.4 hydroxyl group, ozonolysis of the

12,13-double bond in U1 afforded the desired ketone 2.

Methodology for resynthesis of anguidine from U2 is summarized in
Scheme VI. Although several of the steps still must be optimized, the
imbination of Schemes V and VI define a variable route for synthesis of

C-anguidine. This work will be completed in the next contract period.

%C
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Scheme VI

r ~~PPh 3-CH 2  O0 "OTHP THF, RT

0 OR 6o1 OR

32, R-TES 31, R-TES

Br
1) 9u4NF .OTHP Na/g OTHPS~ Na2HP0

2) MCPSA, I a2MeH H ,/4O

NaCMPO4  94:. HO
CH2,12  10 21

60G

1) Ac2O,opy 75; • .0 OH

2) IIOACTI4FI 2 0
60'• £O lo OAC

Anguidine

5. Synthesis of 12.13-Deoxyanguidine and 12.13-Deoxyverrucarol

A characteristic structural feature of the trichothecene
mycotoxins is the 12,13-epoxide group. Very recently two groups have
reported the isolation of 12,13-deoxyvomitoxin from in yvi and in vitro
metabolism studies of vomitoxin from vivo and in viro metabolism
studies of vomitoxin (deoxynivalenol).-"6 Since the 12,13-epoxide group
appears to 9 associated with the adverse biological properties of these
mycotoxins, it is likely that this 12,13-deoxygenation reaction
(performed by microorganisms in the gut) serves as a detoxification
process. We suspected that a similar deoxygenation process might occur
in in vivo studies of other trichothecenes, and decided to develop a
methodology for synthesis of such compounds. This would provide
authentic samples for identification of in vivo metabolites as well as
provide reasonable quantities for biological characterization.
Syntheses of 12,13-deoxyanguidine (33) and 12,13-deoxyverrucarol (34),
therefore, are summarized in Scheme VII.

•'• • •:•;."• , ;•. .• "'•';•,•;••;. • .':•;/:•,.•.,•T •,":÷,.•, ,•P

,• , , • ,• . ... • .. . • • . ...... . . .. . ... • • . .. .
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Scheme VII

.-0KP 1) A C2 01 PY

H 2) H3 0 2

OTH 470o/. AcO"; OA
29 33

(see Scheme V)

1) NaSPh, lETH,

H04 2) KHSo5  HO' OH
3) Na-Hg

verrucarol 481 34

6. Progress Towards the Synthesis of Nivalenol

At the outset of this contract, the MIT group planned to study the
metabolism of nivalenol as well as anguidine. Since a commercial source
of nivalenol was not then available, we decided to synthesize this
mycotoxin from anguidine. Our original synthetic plan is summarized in
Scheme VIII. Procedures for effecting these conversions have been
published, but the yields reported fo 1 8 the two oxidation steps (at C.8
and C.7, respectively) are very poor. We prepared U from anguidine
by a three step procedure. First, triacetoxyscirpenol was treated with

Proposed Synthesis of Nivalenol from Anguidine

0 1) Ac 2 O. py.

I~2) SeO 2 0
0,O;OAc 3)PD AcO-"; OAc

65-70%
Anguilulne 3

1) Lox]

2) K2 CO3 , 4OH 1

HOO

Nivalenol 36

U%

4 , ~ *\.']
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5 equiv. of SeO in a mixture of HOAc and Ac201 9 at Il0°C for 40 min.
This reaction aiforded the 98-alcohol which was oxidized using
pyridinium dichromate (PDC) to give U in 65-70% overall yield.

Groynbhas reported that 35 can be hydroxylated at C.7 by using
Pb(OAc) 4 ., " We, however, were unable to r-produce this result and
consequently examlyed a number of alternatives including hydroxy(tosyl-
oxy)iodosobenzene' which 2 ayn no reaction. Other procedures involving
the oxidation of enolates ', derived from U were unsuccessful for
reasons which we originally attributed to the incompatibility of acetate
protecting groups to these strongly basic reac on conditions. A small
scale oxidation of enone U with Mn(OAc) 3'xH2 0 afforded acetylated
nivalenol 3Z in 14% yield. Tk e stereochemistry of this compound was
determined by correlation of H NMR spectral data with that

0 OAc 66' *

00~~Ac \nOc3
10M

35 37

of authentic 3Z reported by Grove.18b This step, however, is still too
low yielding to be useful on a preparative scale.

Given the difficulties with enolate oxidations noted above, we
decided to use triethylsilyl (TES) protected ketone 40 as a key
intermediate (see Scheme IX). The starting material, U, was prepared

Scheme I

OTS SeO2 O.TES PDC.C112 C12"disx-,
pH 5.7 buffer HO 95%

TESO 70C, 24h TESO
4ý%%

38 39

1) LiH4DS, -78°C/
'TE 1) iKD_ -. *C0 "'OTES 1) ox. Nivalencl 06,_'

7:'T 2) deprotect

,.-j OTES 3) TESCI, 7cYso 2) deroteS
TESO TESO-'TE

40 60-651 41

%%•
N

-. •-. . " %
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in 90% yield by treatment of scirpentriol with Et 3SICl and pyridine. 25

Optimal conditions for allylic oxidation of U involved treatment with
0.5 equiv. of SeO2 at 70*C in dioxane buffered to pH 5.7 with 50 equiv.
of aqueous KH2 PO4-K 2HPO. This reaction afforded 29 in 45% yield along
with 40% 2f recovered A- and 5% of the C.16-alcohol. Oxidation of 19
with PDC afforded A2 in very high yield. Numerous attempts to oxidize
the enolate of AQ to Al could be accomplished in 60-65% yield under
carefully controlled conditions. Attempts to convert 4A to nivalenol,
however, also proved to be difficult. A result that suggests that
further modifications of the synthesis may be required is th 7isolation
of a compound identified as &Z from a MCPBA oxidation of 41.

MCPBA, CH2 C 0 ONOR

TLSO-' RO ~OR

41 42 (R-TES)

Additional work on nivalenol has been postponed pending completion
of the DAS and T-2 metabolism studies being performed in collaboration
with Dr. Marletta. If nivalenol work is resumed, nivalenol will be
purchased from Romer Labs.

$
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Segment 3 - Toxicology
P.M. Newberne and A.E. Rogers

The aims of this segment have been to characterize the injury
to biological systems by DAS (anguidine), in a comparative
manner, using mice, rats, and more recently guinea pigs. The
acute toxicity has been determined in rats and mice by oral and
intraperitoneal exposure and, in conjunction with Professor
Wogan's group, preliminary effects by topical administration have
been identified. Most of our work during the contract years was
done using mice. This was because of the known effects of
trichothecenes on the hematologic and immune systems and the
relatively greater ease of examining these systems in mice.
While numerous studies have been done, only a description of a
typical study and the observations will be given here.

Young mice of the CD-I strain, obtained from Charles River
Breeding Laboratories, Wilmington, MA were housed in isolation
animal facilities. They were dosed or injected with the compound
DAS, dissolved in 10% DMSO, and examined at times ranging from
one hour to two weeks after exposure. We determined the response
from exposure by aerosol in a single study and found an LC 5 0 to
be about 11 mg/kg body wt. Following the single inhalation
study, we examined responses to single doses of DAS given by
gastric intubation (i.g.) or by intraperitoneal injections.
While the LD 5 0 varied among various groups of test mice, the i.g.
route was about 20 mg/kg body weight and the i.p. route about 15
mg/kg. Following the determination of the LD 5 0 we settled on a
sublethal dose of 8 to 10 mg/kg body weight for use in examining
a number of parameters. Some of the results are provided here
and others can be found in the various quarterly reports.

Hematological Findings
After exposure to DAS hemoglobin concentrations and erythro-

cyte counts were slightly elevated between 5 and 12 hours inclu-
sive. By 48 hours, they were both slightly decreased.
Reticulocyte counts were high at 9 and 12 hours, but were also
elevated in vehicle-treated controls at 12 hours. Total leuko-
cyte counts were elevated within 1 hour, peaked at 2-3 hours
after administration of toxin, rapidly declined until they
reached subnormal levels after 18 hours with a nadir at 2-3 days.
Elevations were due to an initial rise in numbers of circulating
lymphocytes by 1 hour, and a subsequent elevation in neutrophil
counts by 4 hours. Lymphocyte counts remained elevated until 6
hours, after which they declined and reached subnormal levels by
18 hours. Neutrophil counts remained elevated from 3 to 12
hours, and then declined to subnormal levels by 24 hours after
treatment with the toxin. After seven days, quantitatively, all
values were comparable to control figures. Table 5 lists
sequential changes to 96 hours post exposure.

Clinical Observations

.........
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Table 5 • Bematological Values Following DAS, 10 ag/kg Body Weight

Hours post- nemoslobin Erythrocytes Raticuloc~tes Laukoqt•-s Meutrophils Lyph-
I treatment g/dl x1O6Ip0 z z1O 3/pu z103/1l xlO/PI

1 14.6+0.5w 7.8+0.3 4.6+3.0 9.5+0.5 1.1+0.3 8.1+0.7
2 13.6+0.3 7.7+0.2 8.8+2.9 9.2+1.3 1.8±0.4 7.4+1.0

3 13.440.4 7.7+0.2 7.1+1.9 10.9+2.6 2.6+1.0 8.3+1.7

3(coatrol)13.7+0.3 7.5+0.2 10.9+2.2 3.8+1.3 0.2+0.1 - 3.3+1.3

4 14.5+0.5 8.2+0.3 15.5+2.3 17.2-•4.2 5.1+1. 9 12.0+_3.0

5 15.3+0.2 8.2+0.2 7.3+0.8 13.2+2.1 2.9_0.6 10.1+1.7

S15.3+0.4 8.3_0.3 6.0+1.8 6.8_1.6 1.7+0.6 5.0+1.3

6(control)14.7+0.2 7.8W0.1 12.6+1.4 4.5+0.6 0.6+0.1 3.9+0.5

9 15.4+0.7 7.9±0.4 19.9+4.3 --5.9+1.1 3.3+0.4 2.6+1.6

9 (control) 12. 4 _+0.5 .7.3+0.2 15.8+1.2 5.-1+0.8 0.8+0.2 -4.2+0.8B

12 16.2+0.5 9.0+0.4 25.5+7.0 7.2+1.3 3.7_0.7 2.8+0.5
12(control-

vehicle 13.3+0.4 6.9+0.2 19.4+4.6 6.0+0.9 1.2.0.2 -4.9+0.6

18 13.5-0.3 7.6+0.22 9.3+1.7 3.1+0.3 .1.7+0.2 1.6+0.1

24 13.4+0.9 7.9+0.6 9.3+0.9 2.7+0.2 0.9+0.2 1.8+0.3

48 12.6+0.4 6.8+0.2 3.1+1.3 2.2+0.3 0.4+0.1 1.7+0.3

96 12.4+0.7 6.7+0.3 7.2+2.1 2.8±0.3 3.7+0.7 2.5+0.3

aValues are means (_+SE) for separate groups of 5 or 6 mice.

. 4.
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Aside from paleness, there were no significant signs or symp-
toms in mice exposed to DAS. They might appear normal at one
observation point and in two hours they would be dead. The acu-
teness of demise without clinical evidence of illness in mice is
apparently in contrast to larger animals such as swine.

Observations at Necropsy

After 6 and 9 hours, the small intestine was usually dilated
and filled with fluid. Similar changes were also found in mice
killed after 12 and 18 hours, by which time colonic contents were
also fluid. Intestinal contents were blood-tinged throughout the
lower intestinal tract in those mice that died. At 48 hours, the
spleen appeared small, but by 96 hours, splenomegaly was evident
in two mice. The thymus was consistently small in all treated
mice at both 48 and 96 hours.

Histopathology

Mice treated with DAS developed mitotic arrest, quickly
followed by karyorrhexis in germinal regions of the intestinal
mucosa, lymph nodes, thymic cortex, splenic white and red pulp,
and in the bone marrow. Karyorrhexis was also observed in the
intraepithelial and subepithelial populations of lymphocytes of
the small intestinal villi, particularly in the Peyer's patches.
Soon afterwards, mitotic activity resumed in the damaged tissues
and cell debris was rapidly cleared. Compensatory hyperplasia
was often observed in previously damaged tissues 3-4 days
following exposure. Rates of onset of karyorrhexis and recovery
were variable among the different tissues and the severity of
injury was variable among different mice. In any single mouse,
the degree of injury to the intestinal mucosa varied with level
to level and, in some individuals, from crypt to crypt.

Intestinal epithelium: Mitotic activity in the duodenum,
jejunum and ileum ceased completely during the first 2 hours
after treatment. Within 2 hours, epithelial cells in the crypts
lacked clear cellular detail and some contained small, eosinophi-
lic, intracytoplasmic particles. The numbers of these particles
increased markedly until 12 hours, and then decreased.

Intracellular inclusions were generally round, multiple, and
located in cells of the lower half of the crypts. Some bodies
contained basophilic debris which was Feulgen positive indicating
probable nuclear debris. In severely affected crypts, large num-
bers of round bodies were present in an aggregate that became
extruded into the lumen of the crypt. Neutrophils appeared in
the lamina propria by 2-3 hours and some emigrated into the lumen
of damaged crypts after 6 hours. Mitotic activity returned in
some mice after 5 or 6 hours in the duodenum and after 9 hours in
the ileum. At 24 hours, there were only minimal amounts of
debris and some crypts were atrophic. Mitotic rates were highest
at 48 and 96 hours, compared to control mice. Some crypts were
distorted and hyperplastic and in villi were shortened.
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Intestinal lamina propria: Numerous pyknotic and karyorrhec-
tic nuclei were found after 1 hour in the lamina propria of the
villi and, to a lesser extent, between the crypts. Pyknotic
cells which appeared to be intraepithelial lymphocytes were found
in the villus epithelium and fragments of karyorrhectic nuclei
were present in clusters after 2 hours. In mice with severe
crypt lesions, the lamina propria was edematous and there were
increased numbers of neutrophils in capillaries near damaged
crypts. Pyknotic and karyorrhectic lymphoid nuclei were numerous
in and around foci of intestinal lymphoid tissue and Peyer's
patches. Karyorrhexis, and subsequent depletion, was also
observed in germinal centres of Peyer's patches between 1 and 12
hours after treatment.

Thymus: Mitotic activity was absent in both the cortex and
medulla within 2 hours after exposure to DAS. Karyorrhectic
nuclei were present in the cortex during the first 6 hours; by 12
to 24 hours the cortex was largely destroyed. Macrophages
cleared out the cellular fragments and most debris disappeared
after 24 hours. After 48 and 96 hours, the cortex contained for
the most part, only epithelial and reticular cells. Mitotic
activity in the thymic medulla and cortex had resumed in some
mice by 96 hours.

Splenic white pulp: Mitotic lymphoblasts were consistently
seen in controls but, within 1 hour following treatment,
karyorrhexis was present in follicles. After 12 hours, mitotic
activity had resumed and the cell debris was largely removed.

Lymph nodes: Mitotic activity was absent in germinal centres
between 1 and 12 hours inclusive, but then resumed. Varying
degrees of karyorrhexis were found in germinal centres of active
follicles at 1 hour after treatment and between 2 and 12 hours,
pyknotic and karyorrhectic nuclei were infrequently observed in
the paracortical and medullary regions of the nodes. Macrophages
contained lymphoid cellular debris between 2 and 4 hours
following exposure to DAS.

Splenic red pulp: Within 3 hours after exposure, small
fragments of karyorrhectic nuclei were observed in hematopoietic
populations, and numbers of immature hematopoietic precursors
declined during this period. Regenerative activity was evident
after 48 hours, first in the megakaryocytes population and later
in myeloid cells.

Table 6 lists some typical mitotic counts from five high
power fields at different levels of the gut and in the thymus,
spleen, and bone marrow. Injury scores of the same mice are also
included.

Potential Protective Factors Against DAS Toxicity

Having established the qualitative and to some extent, the
quantitative effects and the time course of injury from DAS in

.... *, * ** ~A ~ i . A * ~ ,.p-A ~ ~ <%~~'~ ~* ,.~ /.*\~ .~.. .*'.. -'.j.. *%**%* .~- ~ V%%~V %\.V
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Table 6 . Mitotic Counts and Injury Scores in Mice Exposed to 10
mg/kg DAS

Hours Following Treatment
puodenum 0 1 2 3 6 12 24 48 96

'Mitoses 1) 19 20 0 1 21 2 40 76 70
2) 50 9 0 4 2 14 31 39 60

2 Injury Score 1) 0 0 1 0 1 3 1 0 0
2) 0 0 0 1 1 4 1 0 0

Ileum 1) 18 12 0 2 4 1 25 65 57
Mitoses 2) 40 44 0 0 2 4 18 30 45
Injury Score 1) 0 1 0 2 1 2 1 0 0

2) 0 0 0 1 2 4 2 0 0
Thymus 1) 10 17 2 8 0 0 0 0 3
Mitoses 2) 14 18 4 2 1 0 0 0 11
Injury 1) 0 0 0 1 0 4 4 0 0

2) 0 0 1 1 1 4 4 1 0
Spleen 1) 22 5 0 0 0 0 6 7 10
Mitoses 2) 14 2 0 1 0 0 4 3 7
Injury 1) 0 2 2 3 3 2 0 0 0

2) 1 2 3 3 1 1 0 0 0
Bone Marrow 1) 0 0 1 0 1 2 3 3 0
Injury 2) 0 0 0 1 0 2 3 2 0

1 Mitoses, number in 5 high power fields, except 1 HP Field in
thymic cortex.

2 Injury ranging from none = 0 to 4 = destruction most suscep-
tible cells. These are representative means of counts and
injury scores from 40 mice. I.

U
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mice, we have examined numerous candidates for prevention or
alleviation of the toxic effects. Using WR2721 as a reference
agent we have used a variety of compounds synthesized by
Professor Buchi's laboratory, only one of which provided any
degree of protection. It was already known that the one com-
pound, L-2-oxothiazolidine, which was effective in our hands,
promotes the intracellular synthesis of glutathione and in this
manner offers protection from some toxic agents.

The progress in identifying protective agents synthesized for
specific proposed protective actions was so slow that this
segment was dropped at the end of the contract covered by this
report.

We have tested additional materials including bentonite,
charcoal, intestinal sterilants, antibiotics, among others, with
disappointing results. Charcoal seemed to offer some protection
but this was variable from one trial to another.

Following these rather extensive investigations we turned to
other natural and synthetic compounds which are readily
available. These include vitamin C, vitamin E, difluoromethylor-
nithine, B-carotene and some of the retinoids, levamisole,
lithium carbonate and DMSO. Data from these studies will be pre-
sented in the next progress report.

Recovery of Hematological and Immunological Systems After
Exposure To DAS

We have further examined the recovery of the hematopoietic
and the immune systems over time up to 42 days, following a
single sublethal dose of DAS. Male mice of the CD-l strain were
injected with DAS, 10 mg/kg body weight. Some mice were sacri-
ficed at time points noted in tables 7 through 12. There were
reductions in leukocytes, thrombocytes, hemoglobin and hematocrit
during the first seven days post-exposure, observations made
earlier. In addition there was depression of a proliferative
response of splenic lymphocytes to concanavalin A (Con A), phyto-
hemagglutinin A (PHA), pokeweed mitogen (PWM), and lipopoly-
saccharide (LPS) during the first two weeks following exposure.
The recovery time was about three weeks. The response to mito-
gens appeared to indicate that the first subset of lymphocytes
affected is the mature lymphocytes, followed by other subsets
without any particular preference. The blast forms in the thy-
mus, spleen, lymph nodes and gut wall are particularly suscep-
tible. Injury from DAS to the immune system is according to a
dose response curve. A fascinating aspect of the injury is that
it is an in vivo phenomenon; in culture the DAS toxicity to
freshly isolated lymphocytes appears to be low. This suggests an
in vivo mediated effect of the toxin.

Proliferative Capacity of the Hematopoietic Stem Cells of the
Bone Marrow in Mice Pretreated with DAS

* •'• : • • • 1 : ,•, .-.- ** --, - ,,. ~l r ,-. . % ... . .. .. .
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able 7: Effect of one single dose 10 mg/kg BW DAS IP in CD-1
male mice on white blood cell, platelet, hemoglobin,
hematocrit at 1,3,7,14,21,28 and 42 days post-
treatment.

ime Animals
fter per WBC/ml Platelet/ml Hemoglobin Hematocrit
reatment Group x10 6  x10 8  q/dl %

ntreated 20 8.2+0.6 6.8+0.6 16.8+0.6 49.7+0.6

d 5 6.4+0.4 2.3+0.2e 16.0+0.2c 41.8+0.4e

d 5 3.1+0.ie 2.1+0.02e 14.5+0.4e 35.811.4e

d 8 7.7+1.3 7.5+0.7 14.4+0.3e 4 5 . 5 +i.ld

4d 8 6.9+0.9 8.2+1.1 15.8+0. 2 d 48.0+0.7

ld 8 7.6+0.8 10. 6 +1.ld 17.2+0.3 49.8+0.4

8d 8 10.6+1.lb 6.9+0.8 17.3+0.3 50.3+0.9

2d 8 10.5+1.3a 7.1+0.6 17.6+0.3 50.0+0.7

ean + SEM
,p< 0.05 b =p <0.025 c= p < 0.01 d p < 0.005 e =p < 0.0005

,.;,
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ible 8. Body weight, spleen weight, spleen cells in CD-1 male
mice pretreated one dose of 10 mg/kg BW DAS intraperi-
toneal at 7,14,21,28,42d

ime Body Spleen Total Spleen cell/ No. Spleen cell/
Eter Weight __eight g spleen ml
reatment g e x e06 x106

ntreated 32.9±0.5 0.13+0.01 933.8+46.9 41.4+2.7

d 2 9 . 7 +0.5d 0.25+0.01 652.9+31.2d 57.0+6.]F

4d 32.7±0.7 0.18+0.01e 576.3+44.3e 35.4+4.8

ld 33.1+0.3 0.16+0.01e 788.8+40.7a 43.2+2.9

8d 34.3+0.9 0.18+0.01e 1015.4±45.9 59.1+4.7d

2d 36.3+1-.2d 0.15+0.01b 865.1+44.2 43.0+2.2

lean + SEM, 8 animals per group except untreated 20 mice.
- p < 0.05; b - p < 0.025; c = p < 0.01; d - p < 0.005; e - p < 0.0005.
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ble 9. Response of lymphocytes from spleens of control and DAS treated
mice to conA* at 1,2,3 and 4 weeks post treatment

3HTdR uptake (cpm)** Stimulation Index***
me DAS Control DAS Control

wk 93209+15502 (5) 128136+21956 (4) 93.1+18.8 138.6+31.6

157840+23595 (8) 176989+26066 (3) 414.6+74.2 623.6+163.5

218075+25556 (5) 264487+30790 (4) 525.9+104.8 395.6+137.3

147223+24422 (6) 149075+57273 (3) 541.6+86.1 701.9+301.8

154977+30248 (8)a 265121+19489 (4) 567.4+92.5 857.6+110.8

ban + SEM, ( ) = No. of animals, DAS 10 mg/kg BW IP
'onA-final concentration 5 ug/ml
-p <0.05
Differential uptake (stimulated uptake - unstimulated uptake)

I*SI (stimulated uptake)
(unstimulated uptake)

0i
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Table 10. Response of lymphocytes from spleens of control and DAS treated
mice to PHA* at l,2,3 and 4 weeks post treatment

3 HTdR uptake (cpm)** Stimulation Index***.
Time DAS Control DAS Control

1 wk 7014+1100a (5) 25865+9235 (4) 8.1+1.4c 24.5+ 3.9

2 11477+1673 (8) 17518+8813 (3) 2 8.5+2. 3 b 51.9+16.3

3 10317+1711 (5) 12757+3917 (4) 28.3+8.9 28.6+ 6.5

4 5905+825 (6) 6404+541 (3) 21.9+3.7 30.5+ 4.5

6 10146+1681 (8) 10472+2080 (4) 36.4+6.6 36.9+9.4

Mean + SEM , ( ) = No. of animals, DAS 10 mg/kg BW IP.
*PHA final concentration 10 ug/ml

a = p < 0.05; b = p < 0.025; c = p < 0.005.
**Differential uptake (stimulated uptake - unstimualted uptake)

***SI (stimulated uptake)
(unstimulated uptake)

K,
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Table 11. Response of lymphocytes from spleens of control and DAS treated
mice to PWM* at 1,203 and 4 weeks post treatment

4HTdR uptake (cpm) Stimulation Index
Time DAS Control DAS Control

1 wk 15425+3233 (5) 32822+3979 (4) 15.9+ 3 . 6 b 36.1+6.9

2 4001+510 (8) 4167+316 (3) 11.0+1.la 15.3+1.9

3 2721+656 (5) 3181+893 (4) 7.6+1.6 9.2+2.8

4 1970+189 (6) 1993+641 (3) 7.7+1.1 9.8+3.7

6 1805+267 (8) 3062+561 (4) 6.4+1.0a 10.8+2.6

Mean + SEM, ( ) = No. of animals, DAS 10 mg/kg BW IP.
*PWM final concentration 3.125 ug/ml

a = p < 0.05; b = p < 0.025
": **Differential uptake (stimulated uptake - unstimulated uptake)

***SI (stimulated uptake)
(unstimulated uptake)

U2
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Table 12. Response of lymphocytes from spleens of control and DAS treated
mice to LPS* at 1,203 and 4 weeks post treatment

SHTdR uptake (cpm)** Stimulation Index***
Time DAS Control DAS Control
1 wk 22666+2950 (5) 30781+9627 (4) 22.9+3.1 35.3+15.5

.2 9315+1443 (8) 12685+3132 (3) 24.4+3.9a 41.6+3.9

3 6880+708 (5) 8752+1951 (4) 12.0+3.5 20.9±5.7

44 5737+324 (6) 7058+2228 (3) 21.8+2.6 31.9+12.8

6 7670+863 (8) 9540+1257 (4) 26.6+2.9 31.8+3.6

Mean + SEM, ( ) m No. of animals, DAS 10 mg/kg BW IP.
*LPS final concentration 25 ug/ml

a = p < 0.025
**Differential uptake (stimulated uptake - unstimulated uptake)

.***SI (stimulated uptake)
(unstimulated uptake)

.•..
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The profound effect of DAS on the hematopoietic system, par-
ticularly the bone marrow. When trichothecenes are given by oral
intravenous or intraperitoneal application, the tissues with the
most severe alterations are those with a component of rapidly
dividing cells such as the gut, lymphoid and hematopoietic
tissue, and testes. Gross examinations reveal that the bone
marrow of DAS treated mice is pale, edematous and may contain
focal hemorrhages. In chickens given a single dose of DAS,
necrosis of the erythroid and granulocytic regions of the bone
marrow was observed at 6 hours and was most severe at 24 hours.
Necrosis was accompanied by marked cellular depletion.

Bone marrow contains only a small fraction of stem cells and
those that are present do not have distinctive morphology,
biochemistry or antigenicity. Ludkowiez et al., 1963, suggested
that the small marrow lymphocyte may be a pluripotent hemopoietic
stem cell but the means for identification is imprecise. Murine
spleen colony assay is the only means for functional deter-
mination currently available which can characterize the proli-
ferative capacity and/or the self renewal of the hemopoeitic stem
cell and thus provides a valuable tool for studying toxic effects
on bone marrow and other components of the hemopoietic system.
The aim of the present study was to investigate the effect of DAS
on the proliferative capacity of hemopoietic stem cells in
treated animals at various time points via different routes of
administration.

Male weanling mice of the CD-I strain were housed four per
cage in climate-controlled facilities with SaniChip bedding and
free access to feed (chow) and water and a 12 hour light-dark
cycle. Male Fischer rats, approximately 100 grams in body weight
were also purchased from Charles River Breeding Laboratories,
housed the same as the mice except that they were caged
individually.

Diacetoxyscirpenol (DAS) or anguidine was dissolved in
dimethyl sulfoxide (DMSO) to a final concentration of 10% in
distilled water. DAS was given in a single dose of 10 mg/kg BW
intraperitoneal (IP) or 6.5 to 25 mg/kg BW topical on skin to a
mouse or rat as indicated in each experiment.

Blood samples were obtained via retroorbital venous plexus
for total and differential white blood cell counts, platelet
counts, hemoglobin and hematocrit determinations. Bone marrow
cells were aseptically collected by dissecting both femurs free
of attached tissue, cutting the femur at the epiphysis and
flushing the shaft with 1 ml of RPMI 1640. Single cell suspen-
sions were prepared by successive passage of the marrow cells
through 22 gauge needles. Nucleated cells were enumerated in the
hemocytometer. Viability of the cell suspensions was determined
by using the trypan blue exclusion method.

Bone marrow stem cells thus obtained were examined by the
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spleen colony forming method (CFU-S) originally described by Till
and McCulloch (1961).

Isolated bone marrow cells of 1 to 5 x 104 cell/0.5 ml from
DAS exposed and untreated control mice were injected intrave-
nously into the lateral tail vein of 35 + 2 day old male CD-l
mice previously irradiated with 850 Rad of 1 3 7 Cs. Recipients
were killed 8-10 days following cell transfer. Spleens were
removed, weighed and fixed for 24 hours in Bouin's fixative.
Colonies on the spleen were enumerated with a magnifier and
histological sections were made of random colonies to confirm
their morphology. Results were expressed as colonies per spleen
or colony forming unit (CFU) per femur.

CFU/Femur = (cell/femur) (colony/spleen)
no. cell injected

Fraction CFU remaining = Test CFU/Femur
Control CFU/Femur

Histopathology was by routine methods. At sacrifice organs
were removed and placed in 10% buffered formalin pH 7.4 except
that bone was placed in Zenker solution. Tissue sections were
prepared and processed by standard procedures for light
microscopy. All data were analyzed by analysis of variance, stu-
dent t-test and linear regression.

RESULTS

Hematology: Effect of a single dose of 10 mg/kg BW DAS on
white blood cells, platelets, hemoglobin and hematocrit in CD-l
male mice at 4,8,24,72 and 168 hours were shown in Table 13.
There was a transient leukocytosis at 4 and 8 hours after DAS
exposure which gradually developed into leukopenia on the third
day following treatment; three values returned toward pretreat-
ment level 4 days later or seven days post exposure. The total
platelet count was decreased by DAS exposure with a nadir at 3
days post treatment. There were slight increases in hemoglobin
and hematocrit at the early time points. There were no signifi-
cant differences in the volume of packed red blood cells in mice
treated with DAS at any time point up to 72 hours, but at this
point the hematocrit was decreased 15% from the untreated
control.

The differential white blood cell counts were calculated as
absolute number of cells per cubic millimeter. Results are shown
in Table 14. One day after exposure the percentage of
neutrophils increased from 36 to 70% but returned to control
levels by seven days. During the first four to eight hours
following DAS administration, there was an increase in the imma-
ture leukocytes in the peripheral blood but this generally
returned to near normal values by seven days.

• , . .. . .. . . . ..-- . .. ... -.. ., .. *...' . . . . . .. .
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Table .13. Effect of one single dose of 10 mg/kg BW DAS, ip on

white blood cell, platelets,hemoglobin and hematocrit

in CD-i male mice at 4, 8 hr 1, 3 and 7 days.

Time

after WBC/mI Platelet/ml Hemoglobin Hematocrit

Treatment x10 6  xi08  q/dl

0 hr 7.8+0.5 7.4+1.7 15.0+0.5 41.8+1.1

4 hr 37.9+ 5 . 0 d 4.3+0.6 1 7 .2+0. 3 b 45.2+0.9a

8 hr 30.5+3 .6d 3.1+0.5a 16.8+0.4a 42.8+1.2

1 d 6.4+0.4 2. 3 +0. 2 b 16.0+0.2 41.8+0.4

3 d 3 .1+_0 1 d 2 .1+0. 0 2 b 14.5±0.4 35.8+1.4b

7 d 8.2+1.9 7.2+0.6 14.7+0.4 47.0+1.3"

Mean + SEM, 5 animals per group. r

a = p < 0.05, b = p < 0.025, c= p < 0.01, d = p < 0.005.

4°
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Table 1 4 Atolu•t numbier of cells per cum in C)-I sale iLc* t•eated with DAS
10 sa/ka .W IP at 4,6 hr and 1. 3 and 7 days

Time
after k9C/

treatment cum Lywfhocyte NIutrcahil Eaminoemohl Baeohil 14nocyt. Rinuform I

0 hr 7750.480 4702;427(60.6) 2822+300(36.6) 71+53(0.6) 31±_18 (0.5) 105j26(1.4) 19+18(0.2)

4 hr 379 OO+O010d 26 2 32±3 49 2 d( 69 . 2 ) 8929+.1300d(23.6) 322±142(1.4) - 316.e.la(l.0) 18636390(4.4) "3

(0.4)
8 hr 30500 •3580d 2185083333(70.6) 945_ld(2o.9) - - - 187+60(0.6) -

1 d 6400.429 26 18839b(40.4) 37664.272(59.4) 1- - - - 16.15
(0.2)

3 d 3 150+12 7d 29 2 9 12 5d(92 .2 ) 206+39(7.5) - - 13171(0.3") .

7 d 8200+1925 4810.o98(60.8) 28714427(33.6) 60 k36(0.6) - 139469(2) 320±_157(3)

Absolute no. of cello per cuin = m differential x WBC/cum , ( ) . I differential
100

Mean ± SS), 5 anieals per group.

a p < 0.05, b - p < 0.025, c p < 0.01, d p < 0.SO5.

I.,-
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The number of bone marrow cells began to decline at 4 hours;
this continued to a nadir by 24 hours and subsequently recovered
to the untreated control level by the seventh day. There was no
change in bone marrow cell counts of DMSO treated animals, as
shown in Table 15.

The endogenous colony forming capacity was obtained from an
experiment in which colonies in the spleen of mice were counted 9
days after irradiation with 1 3 7 Cs, 600 to 1000 Rads. The number
of endogenous colonies observed is related to the radiation dose.
600 Rads was too low and 1000 Rads was too high. 850 Rads was
the dose of choice; this amount of radiation was required to
suppress the appearance of endogenous colonies but still permits
an average of less than one endogenous colony per spleen.

The relationship between the number of normal nucleated
marrow cells and the number of colonies formed in the spleen of
CD-I male mice is shown in Figure 1. There was a linear rela-
tionship between the number of cells injected and the mean number
of colonies per spleen r = 0.93, y = 6.08 + 0.000183x

y = colony per spleen
x = number of cell injected

No colonies were found in non-irradiated mice.

Spleen weight of DAS treated animals was significantly
increased at 7 days post treatment. In irradiated mice, spleen
weight varied according to the number of cells injected; the
weight increased as the number of cells injected was increased.

Figure 2 illustrates the effect of DAS on colony forming
units at various time points. Bone marrow cell suspensions were r
from donor mice treated with one single dose of either 8 or 10
mg/kg BW of DAS administered by intraperitoneal injection. The
effect was more severe in mice treated with 10 mg/kg BW DAS com-
pared to those given 8 mg/kg BW. CFU/Femur of both groups
reached the nadir at 8 hours after treatment.

Figure 3 illustrates CFU in mice injected with nucleated
marrow cells from donor mice pretreated i.p. with one dose of DAS
10 mg/kg BW, 10% DMSO, or untreated control, at 4, 8, 24 and 168
hours. Stem cells exhibited the greatest depression at 8 and 24
hours post treatment with DAS. DMSO treated animals had a
slightly better response in colony forming units, an apparent
mitogenic affect. Alternatively, DMSO may have had some
influence on the colony stimulating factor which in turn enhanced
the colony forming units.

The effect of DAS depended on time, dose and route of admi-
nistration. These data will be presented later when the experi-
ments are completed.

The present experiments clearly demonstrated that DAS in a
single dose as low as 10 mg/kg BW, intraperitoneally to mice,

N0
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Table 1; Effect of DAS and DMSO on bone marrow cellularity of

CD-i male mice at 4, 8 hr and 1, 3, 7 and 9 days

Bone Marrow Cellularity x 106 per ml

Time DAS IMSO

0 hr 17.4+1.9(7) 17.4+1.9(7)

4hr 10.5+1.0a( 4 ) 19.5+2.6(2)

8hr 7 .0+0.8b( 8 ) 17.8+1.3(3)

ld 3 .5+1. 0b( 6 ) 21.4+3.0(3)

3d 6.9+1.9b(4) 18.5+0.0(2)

7d 18.7+0.1(2) 22.7+1.6(4)

9d 22.4+1.1(4) ND

Mean + SEM, C ) - No. of animal, DAS 10 mg/kg BW IP

a = p < 0.025 ND = not determined

b p < 0.0005

5-
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Figure 1. Relation of normal nucleated marrow cells
isolated from the bone marrow and the
number of colonies formed in irradiated
mouse spleens. -.
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Figure 2. Effect of 8 or 10 mg DAS. Nadir in both groups was
reached after 8 hours.
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IFigure 3. CFU in CD-i male mice injected with femoral marrow cell
from donor mice pretreated one dose of DAS 10 mg/kg BW,
10% DMSO or untreated control IP at 4, 8, 24 and 168 hours.
Animals were 6-29 per group.
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suppressed the bone marrow, both in terms of cell numbers and
function. It took seven days for the number of cells to achieve
the untreated level whereas the proliferative capacity of these
cells reached 90% of control in 12 days.

The mode of action of DAS is thought to be irreversible
blockage of protein synthesis, rather than DNA or RNA synthesis.
Bone marrow is composed of many immature cells which renders them
sensitive to DAS. Several factors, including cell to cell
interaction, microenvironmental factors and humoral factors are
to be considered as potential differences on the regulation of
function of these bone marrow cells.

As noted earlier, we have continued to evaluate'the testes as
a means for sensitive detection of injury from DAS and to ase
this indicator in studying protective agents. Figures 4-12
illustrate some of our findings to date.

DISCUSSION

The distribution of lesions observed in tissues of mice
exposed to a single sublethal dose of DAS, and other trichothece-
nes resembles that seen after exposure to ionizing radiation or
to high doses of various anti-neoplastic chemicals, including
alkylating agents, methotrexate, hydroxyurea, cytosine arabino-
side, or colchicine. Thus, the acute lesions caused by DAS toxin
are non-specific. However, because most other common mycotoxins
do not cause such radiomimetic lesions, this pattern of injury
could be used as a means of tentatively distinguishing trichothe-
cenes from other mycotoxins.

Similar distributions of lesions have been described in
various experimental animals given single doses of various
trichothecene mycotoxins, namely nivalenol in mice; fusarenon-X
in mice; neosolaniol in mice; fusarenon-X in rats, guinea pigs,
cats and ducklings; and T-2 toxin in mice, cats, guinea pigs, and
swine. In most of these reports, the pathogenesis of the lesions
was not determined; microscopic changes were usually described in
moribund or dying animals that had been given lethal doses of
mycotoxin. Saito and Okubo (1970) reported sequential changes in
mice at 6, 12 and 24 hours after doses of fusarenon, fusarenon-X,
nivalenol and crude Fusarium extracts, but these investigators I.

did not describe the lesions in detail. Thus, the observations
in our studies provide a description of the early histological
and sequential changes in acute sublethal DAS toxicosis.

The rapid onset within one hour of lympholysis in the
intestinal epithelium, intestinal lamina propria, the Peyer's
patches, and the germinal-centres of follicles illustrated that
several populations of lymphocytes are exquisitely sensitive to
this toxin at dose levels well below the median lethal dose.
Thymic cortical lymphocytes were also extremely sensitive, but
this population was not destroyed until 9 hours after exposure.
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Because regeneration of all damaged lymphoid tissues quickly
followed the appearance of lesions, it is unlikely that single-
dose exposure to DAS toxin would cause a lasting impairment of
immune function. The transient depression perhaps in all subsets
of the lymphocyte population is probably not of long-term con-
sequence.

The observation of regeneration in the thymic cortex 4 days
after treatment of mice with DAS in our studies correlates well
with the reported recovery of T-cell immune function after expo-
sure to T-2 toxin. These observations indicate that T-2 toxin
and other trichothecenes are potently toxic to the immune system,
but that problems in immune function are more likely to be the
result of continuous exposure to trichothecene mycotoxins, rather
than as a result of single dose or short-term exposure. These
questions are under study in our on-going investigations.

The functional significance of the effects of DAS toxin on
the mature lymphoid cells in the intestinal epithelium in the
intestinal lamina propria, and in the dome regions of Peyer's
patches, is unknown. These various populations of lymphocytes
are generally considered to be non-germinal, differentiated
lymphocytes, although they are capable of division. The reason
for their susceptibility to T-2 toxin is difficult to explain;
most other susceptible cells are in S phase of the cell cycle,
whereas many of these intestinal lymphocytes are not. It is
possible that this effect could result in impaired local intesti-
nal immune function in animals exposed continuously to
trichothecenes.

Intestinal lympholysis has not previously been recognized as
an effect of DAS, probably because most of the cellular fragments
disappear within hours of formation, and are difficult to
visualize when fixation is less than ideal. Intestinal effects
during the early stages of sublethal trichothecene toxicosis have
not received detailed examination, so this effect may have been
overlooked. The effects of DAS toxin on intestinal epithelial
and lymphoid cells is a subject for ultrastructural examination
and such studies are a part of the current contract.

The effects of DAS on the intestinal epithelium were also
recognizable within a few hours after exposure to the toxin. The
earliest change was the disappearance of mitotic figures, indi-
"cating that DAS prevents germinal cells from entering mitosis by
arresting the cell cycle. Karyorrhexis and accompanying phagocy-
tosis of debris by neighboring healthy cells, occurred in ger-
minal zones of intestinal crypti within 3 hours. The severity of
this early injury to intestinal crypts by DAS was dose-related,
but varied among different locations in the intestine, and among
different mice. The pathogenesis of changes in injured crypts
was also variable. In mildly affected mice, mitotic activity
resumed within 12 hours, debris rapidly disappeared within 18-24
hours, and the villous and crypt architecture was unaltered. In
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more severely damaged crypts, a central cast of cell debris
formed in the lumen of the crypt, and this persisted beyond 24
hours. In these mice, resumption of mitotic activity was
delayed, but when crypts did regenerate, they did so in an
exaggerated and disorganized manner such that villi were atrophic
at 48 and 96 hours after treatment.

The transient leukocytosis observed within several hours of
treatment with DAS was similar to the observation of Sato et al
(1978) working with T-2 toxin, who found elevations as soon as 1
hour and peaks at 6 hours after administration of fusarenon-X,
neosolaniol, or T-2 toxin to mice. These investigators specu-
lated that this elevation was due to inflammatory reactions
induced by the irritant trichothecenes. In the present study,
differential counts of leukocytes 4 hours after treatment
revealed neutrophilia, correlating with appearance of neutrophils
in the lamina propria of the damaged intestine. Thus, the
neutrophilia could be part of an inflammatory response. However,
lymphocyte counts were greatly elevated within 1 hour of treat-
ment, and remained elevated for 6 hours, with a peak at 2-3
hours. Lymphocytosis at this stage could not be a result of the
stress of treatment, as suggested by Sato et al (1978), because
cortisone causes lymphopenia within 4 hours. The observed
lymphocytosis may have been due to the cytotoxic effects of DAS
on lymphoid tissues. However, other agents such as the alky-
lating agents, which are similarly toxic to lymphoid tissues,
cause lymphopenia within a few hours of treatment. At present,
the mechanism and functional significance of the lymphocytosis
induced by DAS is unknown.

Hematopoietic populations in the spleen and bone marrow also
exhibited necrosis within a few hours following treatment with
DAS. Numbers of circulating reticulocytes and granulocytes at 48
hours were below control values. At this stage, cells in
depleted bone marrow and splenic red pulp had begun to proli-
ferate, and colonies of immature precursors of myeloid, mega-
karyocytic, and erythroid cells were visible. Differentiation of
megakaryocytes and segmented granulocytes was evident by 96
hours, out, at this stage, regenerating erythroid cells were
still immature. These regenerating hematopoietic foci in the
spleen resembled those described in mice after single exposure to
radiation or to cytotoxic drugs. At 96 hours, extramedullary
hematopoietic foci were evident in the hepatic sinusoids, further
demonstrating the activity of the recovery phase. These obser-
vations indicate that exposure to a single dose of DAS appears
unlikely to cause a lasting depression of hematopoiesis.

The CFU-S studies suggested that this might be a fruitful
area for further research. It may not be of great consequence
that a single exposure to DAS causes a significant, albeit tran-
sient, depression of lymphocytes to respond to stimuli in a nor-
mal fashion. However, chronic exposure, in a broader view of the
problem, may be a different concern. These questions may be of
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significance for future investigations, in particular, with
respect to the differences in the in vivo effects which differ
from in vitro cell cultures of lymphocytes exposed to DAS. It
appears that the toxicity of DAS is in part a response mediated
by in vivo systems probably unrelated to metabolism of the toxin.

The search for factors which may offer protection against DAS
and other trichothecenes has been less fruitful than expected
however some of the naturally-occurring substances may turn out
to be effective when the proper mode of application is iden-
tified. It is important to find compounds which not only offer
protection but materials which can be used therapeutically, after
exposure has occurred.

Progress in understanding the metabolism and chemistry of DAS
has been excellent. Both in vitro and in vivo routes of metabo-
lism has been traced. It is clear that DAS is rapidly metabo-
lized, that it is not a substrate for P-450 enzymes, and
microsomal incubation with standards produced by Professor
Roush's group has identified major metabolites as
4-acetoxy-scirpendiol, scirpenetriol, and
15-mono-acetoxyscirpenol. DAS is a good substrate for microsomal
carboxylesterases. In vitro studies have suggested that neither
epoxide hydrolase nor GSH transferase are active with DAS sup-
porting a conclusion that the internal epoxide of DAS is not
metabolized. A major conjugation is with glucuronic acid at the
3-position and with a mixture of acetoxy species at the 4 and 15
positions. These do not appear to be toxic.

In vivo metabolites have similar peaks as those identified
in vitro but are not the same. While not yet determined, it
appears likely that they are C4-monoacetate, C-3 glucuronide.
Total analysis is in progress under the new contract. The major
urinary metabolite in mice is a glucuronide with DAS rapidly
hydrolyzed to a mixture of C4 and C15 monoacetates and then glu-
curonidation occurs at the C-3 position.

An additional aim of the metabolism segment, in vivo, was to
develop a means for safe exposure by topical application and to
verify the skin patch integrity. This has been accomplished and
the patch successfully used in further metabolic studies. From
the latter studies, using labeled DAS, it is clear that there is
no major reservoir of DAS in either the mouse or the rat. In
both species most of the label was found in the small intestine
and in the femur. There was none in the GI contents of the
mouse, a reflection of much lower levels of fecal excretion in
this species. In the mouse about 80% was excreted in the urine
while in the rat it was about 65%. In both species, 70% of the
label was found in urine and feces within 24 hours.

The relative decreased sensitivity of the mouse compared to
the rat to DAS skin application would appear to be due largely to
decreased permeability in mouse skin and increased sequestering
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at the application site. Histopathology of application sites
support this conclusion and, that once absorbed, the sites of
tissue injury and distribution and severity of lesions are the
same as with other routes of exposure.
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